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Nonlinear Finite-Element Analysis of RC Bridge Columns
under Torsion with and without Axial Compression
Tarutal Ghosh Mondal1 and S. Suriya Prakash, Ph.D.2
Abstract: Finite-element (FE) modeling of RC structures under combined loading has received considerable attention in recent years.
However, the combination of torsion and axial compression has been rarely studied in spite of its frequent occurrence in bridge columns
under earthquake loading. This paper aims at creating a nonlinear FE model to predict the behavior of RC bridge columns under combined
torsion and axial compression. A number of circular and square columns were analyzed. The developed FE model was calibrated on local
and global behavior through comparison with test data. The overall torque–twist behavior of the members was captured well by the
developed FE models. The predicted values of strain in the longitudinal and transverse reinforcement matched closely with the experimental
results. An increase in transverse steel ratio was found to increase the torsional capacity and limit the damage of columns under torsion. It
was further observed that at a low level of axial compression, the torsional capacity of columns is enhanced. In addition, the FE analysis
showed a good agreement on the identiﬁcation of the damage mechanism and the progression of failure. The shape of the cross section is
found to play a major role in the distribution of torsional damage in the columns. Square columns exhibited a more localized damage due to
presence of warping, whereas circular columns exhibited damage distributed along their length. DOI: 10.1061/(ASCE)BE.1943-
5592.0000798. © 2015 American Society of Civil Engineers.
Author keywords: Finite-element analysis; Reinforced concrete columns; Torsion; Axial compression; Shear ﬂow thickness; Spalling of
cover.
Introduction
The damage observed after earthquakes indicates that torsional
oscillations are often the cause of distress in buildings and bridges.
RC bridge columns with irregular three-dimensional (3D) bridge
conﬁgurations can undergo signiﬁcant torsional moments in ad-
dition to axial, bending, and shear forces during earthquake events.
The addition of torsion is more likely in skewed or horizontally
curved bridges, bridges with unequal spans or column heights, and
bridges with outrigger bents. Torsion in bridges with outrigger
bents occurs because of the eccentricity of the reaction force de-
veloped in the footing, which is due to lateral movement of a
superstructure under seismic vibration. [If the super structure is
subjected to a lateral force (P), reaction force (R) is developed at
the footing (Fig. 1). Torsional moment (T) is produced in the beam
owing to this eccentric reaction force (R) in the footing]. In skewed
bridges, the collision between bridge deck and abutment may
cause inplane rotation of superstructures and consequently induces
torsion in the bridge columns [Fig. 1(b)].
Torsion effects due to rotation of the superstructure can be sig-
niﬁcant when shear keys restrain the bridge superstructure at the
abutment, and/or if there is a signiﬁcant decrease in the torsion
stiffness in relation to the bending stiffness of the column. Con-
struction of bridges with these conﬁgurations is often unavoidable
because of site constraints. The force produced in bridge columns
because of dead and live loads is primarily axial. Bridges near the
earthquake epicenter can be subjected to a signiﬁcant vertical load
(Saadeghvaziri and Fouch 1990), which is typically neglected in
design. Lateral seismic loads will cause the single-column bents
to translate laterally and rotate slightly when the bridge abutment
has signiﬁcant stiffness. Spread footings and pile footings have
adequate torsional restraint to be considered when they are ﬁxed
against rotation. As such, the superstructure rotation will cause
compatibility torsion in the columns. The load on the columns will,
therefore, include axial compression, shear, ﬂexure, and torsion.
Axial loads can be considered constant in the absence of a vertical
component owing to near-ﬁeld effects, whereas other loads act
cyclically.
Torsional loadings can signiﬁcantly affect the ﬂow of internal
forces and the deformation capacity of RC columns. This, if not
considered in design, can inﬂuence the performance of vital com-
ponents of bridges and consequently affect the daily operation of
the transportation system. Moreover, the presence of torsional
loading increases the possibility of brittle shear–dominated failure,
which may result in a fatal catastrophe. However, a review of
previously published studies indicates that the torsional behavior
of RC members has not been studied in as much depth as the
behavior under ﬂexure and shear. The possibility of signiﬁcant
torsional loadings was illustrated in an analytical study carried out
to investigate the seismic torsion response of skewed bridge piers
by Tirasit and Kawashima (2005). The results from their analysis
show that pounding between skewed bridge deck and abutments
takes place, resulting in inplane deck rotation that increases
seismic torsion in skewed bridge piers. Moreover, they found that
the consideration of the locking of bearing movement after failure
could extremely amplify the seismic torsion in skewed bridge
piers. This necessitates a clear understanding of the effect of
torsion combined with bending, shear, and axial compression on
the behavior of bridge columns.
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Seismic torsion in bridges in past earthquakes has been docu-
mented (Goel and Chopra 1994), analytically investigated (Isakovic
et al. 1998; Meng and Lui 2000; Hurtado 2009; Tirasit and
Kawashima 2005; Mondal and Prakash 2015c), and experimentally
measured (Johnson et al. 2006; Nelson et al. 2007) by different
researchers. In addition, several investigations focused on the
response of square (Ogata et al. 2000; Hsu and Wang 2000;
Hsu and Liang 2003; Nagata et al. 2004; Otsuka et al. 2004; Tirasit
and Kawashima 2005; Mondal and Prakash 2015b), oblong
(McLean and Buckingham 1994; Hurtado 2009), and circular
(Hurtado 2009; Prakash et al. 2012; Mondal and Prakash 2015a)
columns subjected to cyclic and combined torsional loading.
Nevertheless, information is scarce on several issues, such as the
effect of increasing the transverse reinforcement ratio, the
longitudinal reinforcement ratio, the geometry of the cross
section, and the effect of axial compression on the torsional
response of RC bridge columns. It is essential to expand the
knowledge on the behavior of RC members so that the effects of
torsion can be clearly understood for developing rational design
provisions. A few ﬁnite-element (FE) studies in recent years have
examined the response of RC columns subjected to combined
loading (Mullapudi and Ayoub 2009; Belarbi et al. 2009; Prakash
et al. 2010). However, the existing FE models have the limitation
of not predicting the postpeak behavior accurately. Moreover, the
previously proposed models were validated with test data on
global behavior of the specimens alone, with complete disregard to
local behaviors such as strain in the reinforcement. In addition, the
inﬂuence of different sectional parameters (e.g., reinforcement
ratio and cross-sectional shape), internal stress distribution, and
failure mechanism of the members were inadequately investigated
from a FE perspective. To ﬁll this knowledge gap in this area, a FE
model is generated in this study to accurately predict the global as
well as local behavior of RC columns under combined torsion and
axial compression. A number of square and circular columns
experimentally tested under torsion with various transverse
reinforcement ratios and levels of axial compression (Prakash
2009; Tirasit and Kawashima 2007a, b) were analyzed using full-
scale nonlinear FE models. The FE analysis results for overall
torque–twist behavior and localized values of strains in the rebar
compared favorably with the test results. After calibration of the
developed model, a parametric study was carried out to examine
the effect of cross-sectional shape, transverse reinforcement ratio,
and increasing axial compression. Apart from that, the FE study
presented in this paper provides valuable insight into the
progression of failure of columns under combined torsion and
axial compression. Thickness of shear ﬂow zone and shear stress
distribution spanning the cross section are also investigated, which
are difﬁcult to measure experimentally. This highlights an impor-
tant contribution of this paper, because these parameters have not
been investigated in detail previously.
Experimental Program
Specimen Details
Five specimens considered in this study include three columns
[H/D(3)-T/M(∞)-1.32%, H/D(6)-T/M(∞)-0.73%, and Missouri
square] tested at the University of Missouri and another two col-
umns (TP-91 and TP-92) tested at the University of Tokyo. The
(a) (b)
Fig. 1. Torsion in bridge structures: (a) outrigger bent; (b) skew bridge deck
Table 1. Specimen Details
Specimen ID
Parameters H/D(3)-T/M(∞)-1.32% H/D(6)-T/M(∞)-0.73% TP-91 TP-92 Missouri square
Section shape Circular Circular Square Square Square
Diameter/width (mm) 610 610 400 400 560
Clear cover (mm) 25 25 27.5 27.5 38
Total column height (m) 2.74 4.55 1.75 1.75 3.35
Effective column height (m) 1.83 3.65 1.35 1.35 3.35
Cylinder strength of concrete (MPa) 27.97 37.90 28.3 28.4 34.6
Longitudinal steel yield strength (MPa) 462 462 354 354 512
Transverse steel yield strength (MPa) 457 457 328 328 454
Transverse steel ratio (%) 1.32 0.73 0.79 0.79 1.32
Longitudinal steel ratio (%) 2.1 2.1 1.27 1.27 2.13
Axial force (kN) 600.51 600.51 0 160 0
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details of the columns are listed in Table 1. The cross-sectional
details are shown in Fig. 2.
Test Setup and Loading Protocol
Test data for the specimens tested at the University of Missouri
and the University of Tokyo were obtained from Prakash (2009)
and Tirasit and Kawashima (2007a, b), respectively. As part of
these studies, several columns were tested under cyclic combined
loading, including torsion. The test setup for circular columns is
shown in Fig. 3. Cyclic torsional loading was generated by con-
trolling two horizontal servocontrolled hydraulic actuators. The
axial compressive load was applied by a hydraulic jack on top of
the load stubs. The square columns had a similar test setup for
applying cyclic torsion. However, in the case of square columns, a
time-varying axial compressive load was applied with the help of a
vertical actuator attached to the top of the columns.
Finite-Element Study
Material Models
Concrete
Concrete is a quasi-brittle material and has different behavior in
compression and tension. The smeared crack approach and da-
maged plasticity approach are generally used for nonlinear ana-
lysis of concrete. In this paper, the damaged plasticity approach
has been adopted because it offers a broad potential for matching
the simulation results to experimental values (Fink et al. 2007).
This is a continuum plasticity–based isotropic damage model,
which is used to represent the inelastic behavior of concrete. This
model is highly suitable for the analysis of RC structures subjected
to monotonic or cyclic dynamic loading under low conﬁning
pressure. The details of this model can be found in Jankowiak
and Lodygowski (2005), Kmiecik and Kaminski (2011), and
SIMULIA (2011).
The values of Young’s modulus and Poisson’s ratio were
provided as elastic properties. For the nonlinear part, compressive
stress data are provided as a tabular function of inelastic (or
crushing) strain to deﬁne the hardening behavior of concrete under
(a) (b)
(c)
Fig. 2. Cross section of the specimens (dimensions in mm): (a) H/D(6)-T/M(∞)-0.73% and H/D(3)-T/M(∞)-1.32%; (b) TP-91 and TP-92;
(c) Missouri square (o:c: = on center; c /c= center to center)
Fig. 3. Test setup (circular columns)
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compression. The tension-stiffening option was used to deﬁne the
strain-softening behavior of concrete after cracking. Tension stif-
fening can be speciﬁed by means of postcracking yield stress and
cracking strain values. It helps in approximately modeling of the
bond behavior between steel and concrete. The absence of tension
stiffening could lead to local cracking failure, which could in-
troduce temporary instability in overall response of the model.
Hence, it is important to deﬁne tension stiffening from the per-
spective of numerical stability. The variation of the damage vari-
ables with stress states were also speciﬁed under tension and
compression. Recovery of tensile and compressive stiffness upon
load reversal was assumed to be 0 and 95%, respectively
(SIMULIA).
The compressive stress–strain model proposed by Vecchio and
Collins (1986) was used to model concrete in this study. The
behavior is linearly elastic up to about 30% of the maximum
compressive strength. Above this point, the stress increases gra-
dually up to the maximum compressive strength. Once it reaches the
maximum compressive strength, the curve descends into a softening
region, and eventually crushing failure occurs when ultimate strain
is reached.
The stress–strain curve for concrete under tension is approxi-
mately linearly elastic up to the maximum tensile strength. After
this point, the concrete cracks and the strength decreases gradu-
ally to zero. Several tension-stiffening models are available to
model the strain softening observed in cracked concrete. The
exponential model proposed by Greene (2006) has been used in
this study to include the tension-stiffening effect. The default
values of the failure ratios were taken from the literature (Kmiecik
and Kamiński 2011; Chaudhari and Chakrabarti 2012). The
dilation angle was assumed to be 36°. The ratio of the ultimate
biaxial compressive stress to the ultimate uniaxial compressive
stress was taken as 1.16. The absolute value of the ratio of
uniaxial tensile stress at failure to the uniaxial compressive stress
at failure was assumed to be 0.1, although the default value is
0.09. A default value of 1 /3 was considered for the ratio of the
principal tensile stress value at cracking in plane stress, when the
other nonzero principal stress component attains the ultimate
compressive stress value, to the tensile cracking stress under
uniaxial tension. The value of the viscosity parameter was
assumed to be zero.
Steel
The stress–strain behavior of steel was obtained from coupon tests.
Results of the coupon tests conducted on steel used for the circular
columns are shown in Fig. 4. Similar results for other specimens
can be found in Tirasit (2006) and Prakash (2009). Behavior under
compression and tension were assumed to be identical. The yield
strength of different steels has been shown in Table 1. Mass
density was taken as 7,800 kg /m3. The modulus of elasticity and
Poisson’s ratio were assumed to be 200,000MPa and 0.3,
respectively.
Procedure: Dynamic, Explicit
Any quasi-static problem can be solved as a dynamic one with
sufﬁciently slow load increments to produce negligible inertial
force. An available explicit integration scheme is used in this
study owing to its advantages for highly nonlinear problems
(Zimmermann 2001). Robustness in convergence behavior,
numerical stability, low computation cost, and suitability for
calculation in the postfailure range are the advantages of the
explicit integration method. If dynamic analysis is adopted for a
static or quasi-static procedure, the ratio of kinetic energy to
internal energy (ALLKE:ALLIE) must be less than 0.1, as recom-
mended by Zimmermann (2001). This condition was satisﬁed for
all specimens considered in this study.
Steel–Concrete Interface
The reinforcing steels were modelled as an embedded bar element.
Separate truss elements can not only be used for modeling the
reinforcement, but they can also be connected to the surrounding
concrete elements via the interface elements. This approach is
capable of representing the bond stress–slip relations between
reinforcement and concrete. To improve the predictions, bond-slip
behavior was modeled at the interface between longitudinal steel
and concrete using a surface-based contact interaction model. This
penalty interaction algorithm uses the Coulomb friction model
(SIMULIA) for surface-to-surface interactions. The value of
coefﬁcient of friction was assumed to be 0.6, as suggested by
Rabbat and Russell (1985). The shear stress limit was taken from
Floros and Ingason (2013). Elastic-slip stiffness was obtained from
an equation proposed by Delso et al. (2011). The number of
parametric studies was carried out to study the inﬂuence of bond
on torsional behavior. Incorporation of the bond-slip model did not
Fig. 4. Coupon test results for steel used in the circular columns
Fig. 5. Bond behavior of steel–concrete interface
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produce appreciable improvement in the results when compared
with the perfect bond model (Fig. 5). The inclusion of bond slip
resulted in overestimation of slip and underestimation of stiffness.
Hurtado (2009) observed that there was negligible slip during
the testing of RC columns under torsion, unlike in ﬂexure, where
the slip is considerable. Hence, a perfect bond was considered
for modeling the steel–concrete interface in all the models to re-
duce the computational time and improve the accuracy of the
predictions.
Load and Boundary Conditions
One of the key aspects that inﬂuence a FE solution signiﬁcantly is
the accurate estimation of load and boundary conditions. In this
paper, all degrees of freedom were restrained at the bottom of the
columns, whereas the top was free to deform in any mode. The top
surface was made rigid using rigid-body constraints, which allow
the motion of regions of the assembly to be constrained to the
motion of a reference point. The relative positions of the regions that
are part of the rigid body remain constant throughout the analysis.
A reference point was created at the center of the surface and was
assigned as the rigid-body reference point. Motion or constraints
applied to the reference point are then applied to the entire rigid part.
The angle of rotation was imposed monotonically at the reference
point as a function of time in a tabular form. The constant magni-
tude of axial compressive load was also applied at the same re-
ference point to simulate the experimental study’s test conditions.
Meshing
The accuracy of FE results greatly depend on the size of the mesh,
the kind of element used, and the order of approximation. Con-
crete was modeled with the C3D8R element, which is a 3D eight-
noded brick element with three translational degrees of freedom at
each node. Rotational degrees of freedom are expressed in terms of
the translational degrees of freedom. Reduced integration was used
to eliminate excess stiffness due to shear locking. Hourglass
control was adopted to eliminate the spurious modes. On the other
hand, the T3D2 element was used to model the rebar. It is a two-
noded 3D truss element with three translational degrees of freedom
at each node. The linear elements used in this study require ﬁner
mesh, leading to an increase in demand for computer capacity.
However, this rise in capacity requirement is offset by the explicit
integration scheme, which is compatible to larger mesh sizes.
To determine the optimum mesh size for the FE model, a mesh
sensitivity analysis was carried out using an element aspect ratio
of one. The number of elements was increased, keeping the as-
pect ratio constant and resulting in smaller mesh sizes. This pro-
cess was repeated successively until convergence of results was
achieved.
Results and Discussion
Validation of the Developed Model
The overall torque–twist behavior of the test specimens was pre-
dicted by the developed FE model and compared with the ex-
perimental results in Fig. 6. The predictions of the FE model for
overall torque–twist behavior were found to be in good agreement
with the experimental results. The efﬁcacy of the model in pre-
dicting the cracking and ultimate torsional capacity of the tested
columns is further illustrated in Table 2. The FE model over-
estimates the cracking and ultimate torsional capacity, but only to
a limited extent. The overestimation can be attributed to the effect
of size, material used, and geometric imperfections (Claeson and
Johansson 1999), which are not considered in the FE model. The
torsional stiffness predicted by the FE model was close to the
measured values, particularly in the precracking and postpeak
regions. The predicted variation of longitudinal and transverse
strain at the midheight of the columns with torsional moment
showed a sound match with the experimental observations (Fig. 7).
For both square and circular sections, the tie rebar was predicted to
yield before the longitudinal rebar, and the same was observed in
the experiment. It demonstrates that the developed model is
equally effective in predicting the local and global behavior of RC
members with fair accuracy.
Overall Torque–Twist Behavior
The overall torque–twist behavior of the square and circular col-
umns is plotted in Fig. 6. The response is essentially linear in the
precracking range. After cracking, the torque–twist behavior ex-
hibits a short plateau followed by an increase in resistance at a
tangential stiffness equal to a small fraction of the initial stiffness.
Similar behavior was observed in previous analytical studies using
a softened truss model (Hsu 1968) and modiﬁed compression ﬁeld
theory (MCFT) (Mitchell and Collins 1974), which are used
extensively for prediction of the torsional response of RC members.
Failure of the columns subjected to torsion was governed by
diagonal cracking leading to the formation of a torsional plastic
hinge near the midheight of the columns (Prakash et al. 2012).
Effect of Axial Compression
The tested square columns used for FE validation had an axial
stress of 0 and 1MPa, and the circular columns had a constant
axial stress of 2MPa. The effect of axial compression on the
torsional behavior of square and circular RC columns is shown in
Fig. 8. The presence of an axial compressive load delays the
tensile stresses in concrete arising from torsion. Thus, the cracking
of concrete under diagonal tension is delayed. Consequently,
cracking torsional capacity of RC members increases signiﬁcantly
in the presence of a low axial compressive load. Increased tor-
sional moment with axial compressive load causes shear cracks
spiraling around the column. This results in a concrete compres-
sion ﬁeld in the form of diagonal struts that will induce uniform
tensile stress in longitudinal and transverse reinforcements. If
some axial compression is applied together with torsional moment,
and assuming that the column section is cracked because of ap-
plied torsion, the tension in the longitudinal steel induced by
torsion will be reduced by the axial compression. Thus, axial
compression loading will produce an effect similar to that of in-
creasing the longitudinal steel content in resisting the applied
torsion. This increases the torsional capacity of the section, as
observed in Fig. 8. A similar observation was recorded experi-
mentally by Jakobsen et al. (1984) for box columns, Hurtado
(2009) for circular columns, and Bishara and Peir (1973) for
square columns. In future studies, more test results on columns
with different sectional parameters should clarify the effect of axial
compression on the torsional capacity of RC columns.
Effect of Transverse Reinforcement
The effect of transverse reinforcement on the torsional moment–
twist response of square and circular bridge columns was in-
vestigated, and the results are shown in Fig. 9. The increase in the
transverse reinforcement ratio increased the peak torsional
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Table 2. Comparison of Predicted Values with Test Data
Parameter Result TP-91 TP-92 H/D(6)-T/M(∞)-0.73% H/D(3)-T/M(∞)-1.32% Missouri square
Cracking torque (kN·m) FE analysis (A) 62.9 58.0 190.7 224.1 212.3
Experimental (B) 60.7 76.6 180.9 184.6 189.3
A/B 1.04 0.76 1.05 1.21 1.12
Ultimate torque (kN·m) FE analysis (A) 82.0 84.1 287.7 338.8 283.7
Experimental (B) 76.6 84.4 281.1 327.5 328.0
A/B 1.07 0.99 1.02 1.03 0.86
(a) (b)
(c) (d)
(e)
Fig. 6. Overall torque–twist behavior: (a) H/D(6)-T/M(∞)-0.73%; (b) H/D(3)-T/M(∞)-1.32%; (c) Missouri square; (d) TP-91; (e) TP-92
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(a) (b)
Fig. 7. Strain in the rebar: (a) TP-92; (b) H/D(3)-T/M(∞)-1.32%
(a) (b)
Fig. 8. Effect of axial compression: (a) square column; (b) circular column
(a) (b)
Fig. 9. Effect of transverse steel ratio on overall torque–twist behavior: (a) circular column (axial compression= 2MPa); (b) square column
(axial compressive stress = 1MPa)
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capacity of the columns, as observed in Fig. 10. This is true be-
cause, when a RC member is cracked from applied torsion, ap-
parent truss action is developed where the longitudinal and the
transverse steel act as tensile links. Thus, the transverse re-
inforcements contribute to the torsional capacity of RC members.
The twist at the ultimate torsional moment was increased for
square columns because of increased conﬁnement and reduced
softening by transverse reinforcement. However, the value of the
(a) (b)
Fig. 10. Effect of transverse steel ratio on peak torsional capacity: (a) square column (axial compressive stress = 1MPa); (b) circular column
(axial compressive stress = 2MPa)
(a) (b)
Fig. 11. Effect of transverse steel ratio on strain level in reinforcement: (a) circular column (axial compression= 2MPa); (b) square column
(axial compressive stress = 1MPa)
Fig. 12. Variation of shear stress for square and circular cross sections
Fig. 13. Variation of shear stress due to torsion in radial direction for
circular sections
© ASCE 04015037-8 J. Bridge Eng.
 J. Bridge Eng., 2016, 21(2): 04015037 
D
ow
nl
oa
de
d 
fro
m
 a
sc
el
ib
ra
ry
.o
rg
 b
y 
IN
D
IA
N
 IN
ST
IT
U
TE
 O
F 
TE
CH
N
O
LO
G
Y
, H
Y
D
ER
A
BA
D
 o
n 
03
/0
3/
16
. C
op
yr
ig
ht
 A
SC
E.
 F
or
 p
er
so
na
l u
se
 o
nl
y;
 al
l r
ig
ht
s r
es
er
ve
d.
(a) (b)
Fig. 14. Variation of shear stress due to torsion in square sections: (a) variation of shear stress toward the edges; (b) variation of shear stress in
diagonal direction
(a) (b)
(c)
Fig. 15. Damage in circular column under pure torsion at (a) transverse bar yield; (b) peak torsional moment; (c) overall failure
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same parameter was reduced for circular columns owing to the
change in failure mode from ductile yield of reinforcement to
brittle compressive failure of diagonal concrete strut. For square
and circular columns, the variation in longitudinal and transverse
strains with torsional moment for different transverse reinforce-
ment ratio is compared in Fig. 11. It is observed that an increase in
the transverse steel ratio increases the stiffness of the member,
thereby limiting the strain levels in longitudinal as well as in
transverse reinforcement, indicating less damage to the columns.
Thickness of Shear Flow Zone
The ultimate strength of RC members under torsion can be pre-
dicted by the truss models, the MCFT (Vecchio and Collins 1986),
or the softened truss model (Hsu 1988; Pang and Hsu 1996; Hsu
and Zhang 1997). These theories are based on Bredt’s thin-tube
theory (Bredt 1896), which assumes that the torque resisted by the
section acts as shear stress ﬂowing around the perimeter of the cross
section. The concrete core of a solid member is assumed not to
contribute to the torsional resistance. These theories commonly
assume a RC member as assemblies of two-dimensional mem-
brane elements, also called panels, subjected to inplane shear and
normal stresses. Therefore, the behavior of a RC member under
pure torsion can be predicted via the behavior of membrane
elements including additional equilibrium and compatibility equa-
tions. Finite-element analysis can help to improve the predictions of
these models by accurately estimating shear-ﬂow thickness. The
variation of shear stress at ultimate loads depends on the shape of
the cross section. The typical distribution of shear stress for circular
and rectangular cross sections is shown in Fig. 12. The predicted
shear-ﬂow distribution for circular and square columns at both the
cracking and peak torsional resistance is shown in Figs. 13 and 14,
respectively. The variation of shear stress was found to be highly
nonlinear at peak torsional loading for both the circular and square
cross sections. Higher shear stresses occured at the outer periphery
of the cross section, validating Bredt’s thin-tube theory. The results
show that the calibrated FE models can be used for parametric
studies to establish accurate estimation of shear-ﬂow thickness for
developing simple analytical models for design purpose.
(a) (b)
(c)
Fig. 16. Damage in square column under pure torsion at (a) transverse bar yield; (b) peak torsional moment; (c) overall failure
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Damage and Spalling of Cover
Typically, diagonal cracks start developing from near the midheight
of the column under applied torsion at lower levels of loading. The
cracks spread and close in the form of inclined spirals as the loading
is increased. Soon after the diagonal cracking, an apparent truss
action is formed where the spirals act as tensile links. After sig-
niﬁcant yielding of spirals at a high level of torsional loading, a
plastic zone forms near midheight of the column. The progression
of damage observed during testing is shown in Figs. 15 and 16.
The damage state observed at ultimate load showed a good
correlation with the FE prediction, as shown in Fig. 17. The tensile
damage variable is used in this study to quantify degradation of the
material. It is a nondecreasing quantity associated with the tensile
failure of the material strength. The value of this variable is zero
before any degradation of the material takes place, and it reaches
its maximum value of 1 at complete degradation of the material. At
an intermediate level of damage, it assumes a value between 0 and
1, depending on the level of damage. In essence, this parameter
represents failure of material in a structure under loading in a
quantitative sense. It was further observed that the effect of cross-
sectional shape played a major role in the distribution of damage in
the columns. Square columns exhibited a more localized damage
(Fig. 17) owing to warping deformation compared with that of
circular columns, where the damage was predominantly dis-
tributed over a greater column height.
Conclusions
This paper presented the results of nonlinear FE analysis for RC
columns under combined torsion and axial compression. It dis-
cussed the effects of increasing the transverse reinforcement ratio
and axial compression on strength, stiffness, and damage char-
acteristics for both square and circular columns. The effect of
cross-sectional shape on the torsional behavior of RC columns was
also discussed. The generated FE model exhibited excellent
convergence and numerical stability characteristics, requiring little
computational time for analyses under torsional loading. Within
the scope of parameters considered in this study, the results lead to
the following major conclusions:
• The FE model generated in this study accurately simulates the
overall experimental responses of columns under combined
torsion and axial compression. Strength, stiffness, ductility,
damage progression, and failure modes are captured accurately.
Computed parameters, such as reinforcement strains and
member deformations, are also simulated well.
• At low levels of axial compression, the cracking torsional
moment increases signiﬁcantly, but the ultimate torsional mo-
ment increases marginally. Future studies should focus on ex-
perimentally investigating the inﬂuence of higher levels of
axial compression on the torsional capacity of RC bridge col-
umns for further validation.
• The increase in transverse reinforcement ratio increased the
peak torsional strength. However, it reduced the twist compo-
nent at the ultimate torsional moment. It also helps to limit the
damage in columns under pure torsion.
• The effect of cross-sectional shape plays a major role in the
distribution of damage in the columns. Square columns ex-
hibited a more localized damage, whereas the same in the
circular columns was distributed over a larger length.
• Finite-element analysis can help to rationally estimate the
shear-ﬂow thickness for developing simple analytical models
from a design point of view. This is scope for further work.
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